The type III secretion system (T3SS) encoded by Salmonella Pathogenicity Island 2 (SPI2) is essential for virulence and intracellular proliferation of Salmonella enterica. We have previously identified SPI2-encoded proteins that are secreted and function as a translocon for the injection of effector proteins. Here, we describe the formation of a novel SPI2-dependent appendage structure in vitro as well as on the surface of bacteria that reside inside a vacuole of infected host cells. In contrast to the T3SS of other pathogens, the translocon encoded by SPI2 is only present singly or in few copies at one pole of the bacterial cell. Under in vitro conditions, appendages are composed of a filamentous needle-like structure with a diameter of 10 nm that was sheathed with secreted protein. The formation of the appendage in vitro is dependent on acidic media conditions. We analyzed SPI2-encoded appendages in infected cells and observed that acidic vacuolar pH was not required for induction of SPI2 gene expression, but was essential for the assembly of these structures and their function as translocon for delivery of effector proteins.
Introduction
Gram-negative bacteria have evolved a variety of systems to solve the problem of protein transport across the two membranes of the cell envelope. One class, referred to as type III secretion systems (T3SS), consists of complex molecular machines that are functionally and structurally related to the flagella assembly systems. The main biological function of T3SS is not the secretion of proteins into the media, but rather the vectorial translocation of the so-called effector proteins over a third membrane system, namely the cytoplasm membrane or vacuolar membrane of a eukaryotic host cell (for a review, see Hueck, 1998) . For many pathogens, the contact-dependent translocation of sets of effector proteins into a eukaryotic host cell has a central role in modulation of host cell functions by the pathogens. In addition, T3SS-dependent protein translocation is also important for the establishment of symbiotic relationships between bacteria and eukaryotic hosts.
The complex assembly of T3SS has made the understanding of the entire secretion apparatus, which consists of more than 20 gene products, elusive. However, it has been possible to visualize parts of T3SS of Salmonella enterica (Kubori et al, 1998) , Shigella flexneri (Blocker et al, 1999) and other pathogens. The formation of short, needle-like structures extending from the outer membrane has been observed. The T3SS of certain pathogens are also involved in the formation of long pilus-like structures, as first observed for the 'Esp pilus' of enteropathogenic Escherichia coli (EPEC) (Knutton et al, 1998) . More detailed analyses in EPEC showed that this appendages consists of a needle-like structure composed of EscF subunits (Sekiya et al, 2001; Wilson et al, 2001) on which the filament consisting of EspA subunits ) is assembled.
S. enterica is a gastrointestinal pathogen of man and animal with a complex pathogenesis involving two different T3SS. S. enterica is able to invade eukaryotic cells such as enterocytes of the intestinal mucosa. The invasion phenotype is linked to the function of a T3SS encoded by genes within Salmonella Pathogenicity Island 1 (SPI1), which has been investigated in great detail (Galan, 2001) . S. enterica is also a facultative intracellular pathogen that is able to survive phagocytosis and can proliferate inside infected host cells. A large number of gene functions are required for the intracellular phenotype of S. enterica. Among these is Salmonella Pathogenicity Island 2 (SPI2), a further large gene cluster encoding a second T3SS for translocation of virulence proteins. The structural characteristics of the SPI2-encoded T3SS have not been revealed so far. This system is required for the translocation of a set of effector proteins that modulate host cell functions in order to avoid antimicrobial activities of the host cell and to promote intracellular proliferation. SPI2 genes are induced if Salmonella resides in the phagosome of a host cell. SPI2 expression can also be induced in vitro by nutritional limitation . Under in vitro conditions, secretion of substrate proteins of the SPI2-encoded T3SS (SPI2-T3SS) can be induced by growth in minimal media of acidic pH (Beuzon et al, 1999) . Interestingly, in vivo acidic vacuolar pH is important for the intracellular survival of Salmonella (Rathman et al, 1996) . Previous studies indicated that after secretion in vitro, several SPI2-encoded substrate proteins are predominantly located on the outer surface of the bacterial cell and can be recovered by extraction with organic solvents or by mechanical shearing (Beuzon et al, 1999; Klein and Jones, 2001; Nikolaus et al, 2001) . Use of antibodies labeled with a fluorescence marker indicated that the secreted protein is not uniformly distributed over the bacterial surface, but predominantly localized to one pole of the bacterial cell (Nikolaus et al, 2001) . We further observed that SPI2 effectors of the 'Salmonella-translocated effector' (STE) family of proteins are also localized on the bacterial surface after secretion in vitro (Hansen-Wester et al, 2002) . Based on these observations, we set out to characterize the secretion of SPI2 substrate protein in more detail. Here, we used highresolution field emission scanning and transmission electron microscopy to investigate structures that were formed by substrate proteins of the SPI2-T3SS. We further followed the fate of SPI2 translocon proteins during the intracellular growth of Salmonella enterica serotype Typhimurium (S. Typhimurium) in eukaryotic host cells and investigated the role of vacuolar pH for SPI2 function. Our data provide the first detailed insight into the structure and function of the SPI2-T3SS.
Results
Formation of surface structure by the SPI2-encoded T3SS Based on previous observations on the secretion by the SPI2-T3SS, we set out to investigate the localization of secreted SPI2 proteins in more detail using high-resolution field emission scanning electron microscopy (FESEM) and immunofluorescence microscopy. S. Typhimurium wild type (WT) and an SPI2 null mutant strain (ssaV) were grown under conditions inducing expression of the SPI2-T3SS (PCN-P, pH 7.4), or both expression and secretion (PCN-P, pH 5.8, or F media, pH 5.0), and bacteria were analyzed by FESEM (Figure 1 ). After growth in minimal media at neutral pH, long polar structures with a rigid appearance were frequently observed on the surface of Salmonella WT and ssaV strains. These structures resembled long polar fimbriae (Bäumler and Heffron, 1995) . In addition, thin, long and flexible structures were detected that represent flagella. Both of these long surface structures were absent if bacteria were grown in minimal media at acidic pH under conditions that induced T3SS secretion.
In contrast, surface structures with irregular appearance were detected (arrows) on the surface of WT S. Typhimurium grown at acidic pH (PCN-P, pH 5.8). These structures were never observed on bacteria grown at neutral pH, or in acidic minimal media that did not induce SPI2 expression. The SPI2 null mutant strain also did not express such surface structures. The SPI2-dependent appendages were mainly observed at one pole of the cell and most bacteria possessed only a single appendage.
We next analyzed the effect of mutations in genes encoding various T3SS components on the formation of these appendages ( Figure 2 ). Strains with null mutations in the SPI1-encoded T3SS developed appendages that were indistinguishable from those of the WT strain (data not shown). In contrast, appendages were not detected on the surface of mutant strains deficient in the SPI2-encoded regulatory system SsrAB or in ssaC, encoding another structural component of the SPI2-T3SS (not shown).
SseB, SseC and SseD have been identified as secreted proteins with translocon functions for the SPI2-T3SS (Nikolaus et al, 2001) . SseB shares similarity with EspA, the structural component of the EPEC filament, SseD has limited sequence similarity to EspB and SseC is a member of the YopB family of translocon proteins involved in pore formation in the target membrane (Hensel et al, 1998) . SseF and SseG are SPI2-encoded translocated effector proteins (Kuhle and Hensel, 2002) . Mutations in sseC, sseD, sseF or sseG had no detectable effect on the morphology or frequency of surface structures. Surface structures were also formed by the sseB strain, but these had a rather regular appearance. Complementation of the sseB strain by plasmid-borne sseB restored the formation of appendages with an irregular appearance. SPI2 genes ssaG, ssaH and ssaI encode small proteins of 7.9, 8.1 and 9.0 kDa, respectively, with unknown functions. SsaG has low sequence similarity to EscF of EPEC and Citrobacter rodentium. Strains deleted in ssaG, ssaH or ssaI had a strong defect in intracellular replication and were unable to translocate effector proteins (Supplementary Figure  1) . FESEM analyses indicated the absence of surface structures for the ssaG, ssaH and ssaI strain ( Figure 2C ). The ssaG and ssaI strains, but not the ssaH strain, could be complemented by a plasmid expressing ssaGHI. These observations indicate that translocon proteins SseB, SseC or SseD are not required for appendage formation but suggest a function for SsaG, SsaH and SsaI in the formation of a functional T3SS and of surface structures.
To investigate the kinetics of appendage formation, the appearance of SPI2-dependent appendages was analyzed at various time points after growth of the bacteria in PCN-P media at pH 5.8 (Figure 3 ). Surface structures were detectable at 5 h after inoculation, but not visible at earlier time points. The frequency of bacterial cells positive for appendages did not increase over time, and the number of appendages per S. Typhimurium WT and a mutant strain deficient in the SPI2-encoded T3SS (ssaV) were grown in minimal media that induced expression of SPI2 (PCN-P, pH 7.4) or in minimal media inducing SPI2 expression and secretion of substrate proteins (PCN-P, pH 5.8). The bacteria were grown for 16 h with aeration, and aliquots of the cultures were taken and prepared for FESEM analyzes. The appearance of SPI2-dependent polar appendages is indicated by arrows. Similar appendages were observed for S. Typhimurium WT grown in low magnesium minimal media at pH 5.0 (data not shown). Scale bars represent 2 mM. bacterial cell remained similar. We also observed that aggregates of appendages were present in cultures grown for more than 10 h under inducing conditions. The aggregates were partially present on the surface, and also detached from the bacteria and formed massive complexes (data not shown). Negative staining of bacteria indicated that appendages were composed of an inner cylindrical structure (arrowheads in Figure 3B ), which was sheathed by irregularly distributed, most likely proteinaceous material. The diameter of the inner structure was 1070.7 nm. The length of about 160 nm for the cylindrical inner structures of sseB ( Figure 2 ) and WT strains ( Figure 3B , lower panel) was determined. For the sheath structures, highly variable diameters of 30-70 nm were estimated. Also, the length of the sheathed structures was highly variable at a given time point (see Supplementary Figure 2 ) and appeared to increase with longer incubation times.
Composition of SPI2-encoded appendages
We previously observed that immunostaining of bacteria grown under conditions inducing SPI2-dependent secretion with anti-SseB antisera resulted in a punctate staining on one pole of the bacterial surface (Nikolaus et al, 2001) . We used polyclonal antibodies raised against recombinant SseB and SseC to analyze if these proteins are present in the structures described above. Immunogold labeling indicated that SseB ( Figure 4A ) and SseC ( Figure 4C ) were present on SPI2-dependent surface structures. Both proteins were distributed on the surface of the appendages, but there was no polarity detectable for either of the two proteins. Also, double labeling experiments ( Figure 4D ) indicated a random distribution on the surface of the appendages for these two proteins. Interestingly, the appearance of inner cylindrical structures was observed that were not labeled by immunogold staining for SseB or SseC.
To gain further insight into the SPI2-dependent surface structures, immunogold labeling of ultrathin sections of slightly plasmolyzed bacteria was performed ( Figure 4B ). These analyses revealed that the inner cylindrical structure of the appendages was inserted in the cytoplasmic membrane and spanned the periplasmic space and the outer membrane (arrowheads in Figure 4B ). The sheathed material containing SseB, as indicated by immunogold labeling, was only present Note the appearance of regular needle-like structures for the sseB strain (inset shows magnified view) and of irregular appendages for the other mutant strains. Plasmid complementation of the sseB strain was performed (sseB com). Scale bars represent 1 mm, 100 nm (inset sseB) and 250 nm (inset sseB com). (C) Mutant strains deficient in ssaG or ssaI, and mutant strains harboring a plasmid expressing ssaGHI for complementation (com) were analyzed. Appendage formation was also absent in an ssaH mutant strain (not shown), but was not restored in the complemented strains. Scale bars represent 5 mm for overview images and for the complemented strains 1 mm and 250 nm in the inset. on the part exposed to the medium phase. Although secreted translocon proteins appeared randomly distributed, crosslinking experiments revealed the formation of dimers of SseB that was dependent on secretion (Supplementary Figure 3) .
Location of SseB, SseC and SseD on intracellular Salmonella
We analyzed the localization of SseB, SseC and SseD on Salmonella residing within Salmonella-containing vacuoles (SCV) of infected host cells. Previous experiments demonstrated that SseB, SseC and SseD function as translocon for the translocation of effector proteins into host cells (Nikolaus et al, 2001) . Antisera raised against SseB, SseC and SseD were suitable to detect surface appendages formed during growth in vitro, and direct labeling of one of the antibodies allowed double immunostaining of SseC and SseD in individual appendages ( Figure 5A ).
To investigate the location of translocon proteins in vivo, the macrophage-like cell line RAW264.7 was infected with S. Typhimurium WT and immunostaining was performed. We detected SseC and SseD on the surface of intracellular Salmonella. As observed under in vitro conditions, a punctate appearance of SseC or SseD on one pole of the cell was also found for intracellular bacteria ( Figure 5B ). This observation indicates that only single or a low number of translocon structures were assembled by S. Typhimurium within the SCV.
The effect of mutations in various SPI2 genes encoding the T3SS, translocon proteins or STE gene sifA on the secretion of SseC and SseD by intracellular Salmonella are summarized in Table I . SseC and SseD were not detectable in host cells infected with strains deficient in regulator SsrB or the structural T3SS component SsaV, but were also absent in cells infected with spiC or sseB strains. In line with observations on the secretion in vitro (Nikolaus et al, 2001) , an sseC mutant strain was able to secrete low amounts of SseD and vice versa. Lack of SifA, an effector required for induction of tubular aggregates of endosomes and maintenance of the SCV in Figure 3 (A) Kinetics of formation of SPI2-dependent surface structures. S. Typhimurium wild type was cultured overnight in PCN media at pH 7.4. Bacteria were harvested by centrifugation and used for inoculation of PCN-P media at pH 5.8. Incubation at 371C was continued with aeration and aliquots of the culture were taken at various time points for FESEM analysis. Appendages are indicated by arrows. Scale bars represent 2 mm. (B) Higher magnification view of negatively-stained single appendages revealing the inner cylindrical needle-like structure (arrow) and different extent of proteinaceous sheaths. Bacteria were cultured for 9 h. Scale bars correspond to 50 nm (upper panel) and 25 nm (lower panel).
Figure 4
Detection of SPI-2-encoded proteins by immunoelectron microscopy. S. Typhimurium wild type was grown overnight in PCN-P media at pH 5.8 and cells were processed for immuno-EM. Fixed bacteria were incubated with antisera against SseB (A) or SseC (C) and protein A-coated gold-particles with a diameter of 15 nm. The distribution of the gold-particles (white dots) is detectable over the sheathed parts of the appendage (arrows). Both antibodies did not label the inner cylindrical structures of the appendages (arrowheads). (B) Immunogold labeling of SseB in ultrathin sections (UT). Note that the unlabeled inner structure (arrowhead) spans the entire cell envelope (CM, cytoplasmic membrane; OM, outer membrane). Since the bacteria were pre-embedded, immunogold labeling of SseB (dark dots) is only detectable on the bacterial exterior. (D) For double labeling, antibodies against SseB (arrowheads) and SseC (arrows) were detected with protein A-coated gold-particles of 10 nm for SseB and 15 nm for SseC. A negative-stained (NS) sample of a double-labeled bacterium is shown. Scale bars represent 100 nm. Salmonella-infected cells (Beuzon et al, 2000) , had no effect on the secretion of SseC and SseD.
The distribution of translocon proteins and translocated effector proteins in Salmonella-infected macrophages was compared. We previously used an HA epitope-tagged derivative of effector protein SseJ to follow SPI2-dependent translocation in macrophages (Jantsch et al, 2003) . Immunostaining for SseJ-HA and SseC or SseD revealed that the translocon proteins were predominantly located on the surface of S. Typhimurium, while the translocated effector protein appeared distant from the bacteria (data not shown).
We also investigated the appearance of SPI2-dependent surface structures in vivo by EM of ultrathin sections ( Figure 6 ). On a few occasions, where the intracellular bacteria were not entirely enclosed by the membrane of the SCV, appendages on the surface of wild-type bacteria were detectable ( Figure 6A , B, C and E). Such structures were never observed on the surface of SPI2 null mutant strains. The shaft of the appendages ( Figure 6B , indicated by arrowhead) had a regular appearance and a diameter similar to that of the unsheathed inner structures shown in Figure 2B . The tips of the appendages had slightly larger diameters and the sheathed part of the appendage is indicated by an arrow in Figure 6B . Intracellular Salmonella are often in tight contact with the SCV membrane ( Figure 6C ). Occasionally, projections of the bacterial envelope were observed that were enclosed by the SCV membrane ( Figure 6C, arrows) . Immunogold-labeling indicated the presence of SseB in the bacterial cytoplasm and the distal part or the appendage ( Figure 6D and E) .
In vivo function of the SPI2-encoded T3SS
The secretion of substrate proteins of the SPI2-encoded T3SS can be induced in vitro by growth in media with acidic pH (Beuzon et al, 1999; Klein and Jones, 2001; Nikolaus et al, 2001) . We have recently reported that acidic pH is required for the assembly of a functional T3SS, especially of the secretion pore in the outer membrane composed of an oligomer of SsaC (Rappl et al, 2003) . We reasoned that these media conditions mimic the acidic pH of the SCV in vivo and that acidic pH is required for the assembly of a functional T3SS. It has also been proposed that acidic pH is a signal that triggers the expression of SPI2 genes (Cirillo et al, 1998; Garmendia et al, 2003) . To test these hypotheses, we analyzed the secretion of SseC and SseD by intracellular bacteria in the presence or absence of bafilomycin A 1 (BAF), an inhibitor of the V-ATPase that is used to block acidification of phagosomes. In addition, BAF also affects the formation of vesicles, alters the intraphagosomal environment and induces apoptosis (Tapper and Sundler, 1995; Yamamoto et al, 1998) . In order to separate the effects of SseD SseC SseD/SseC A B Figure 5 Detection of SPI2-encoded translocon proteins in vitro and in vivo using immunofluorescence. (A) S. Typhimurium WT harboring pFPV25.1 for the constitutive expression of GFP was grown in PCN-P at pH 5.8 for 7 h. Bacteria were harvested and processed for immunostaining. SseD was detected after incubation with rabbit antiserum against recombinant SseD followed by incubation with a Cy5-labeled secondary antibody (blue). SseC was detected by incubation with rabbit antiserum directly labeled with TRITC (red). (B) RAW macrophages were infected with Salmonella WT harboring pFPV25.1 12 h after infection, cells were fixed and immunostained for SseC and SseD (red). Note the appearance of SseC and SseD on the surface of intracellular bacteria (arrows), and also distant to the bacteria (arrowheads). Scale bars represent 1 mm. Figure 6 Ultrathin section analysis of intracellular Salmonella. RAW264.7 macrophages were infectedz with S. Typhimurium WT, and 7 h after infection, cells were fixed, dehydrated and embedded in epoxy resin. Analysis of ultrathin sections revealed the expression of appendages that were distant to the phagosomal membrane (A, B) or connecting the bacterial envelope to the phagosomal membrane (C-E). Depicted in (B) is a structure that exhibits a needle-like inner core (arrowhead) and a sheathed tip of the appendage (arrow). Immunogold labeling for SseB was performed (D, E). Scale bars represent 500 mm (A), 250 nm (C), 50 nm (D, E) and 25 nm (B). 
+, protein detectable; (7), weak signal; À, no signal. this inhibitor, we first determined the minimal concentration required to inhibit phagosomal acidification under our assay conditions. We found that concentrations of 10-50 nM BAF were sufficient to fully prevent phagosomal acidification as indicated by acridine orange (AO) staining of living cells ( Figure 7A ). Higher concentrations of BAF resulted in altered morphology and detachment of cells, while a low proportion of vacuoles remained acidified in the presence of 5 nM BAF (Supplementary Figure 4) . The addition of BAF caused reduced intracellular proliferation of wild-type S. Typhimurium at concentrations of 5 nM and full inhibition at 10 nM or higher (Supplementary Figure 5) .
We next analyzed the effect of BAF on the expression of SPI2 genes by intracellular Salmonella (Figure 7B ). The low copy number reporter plasmid pLS824 harbors a fusion of promoter sseA to GFP that is induced in an SsrAB-dependent manner in PCN-P minimal media and by intracellular Salmonella (see Supplementary Figure 6 ). Salmonella WT harboring plasmid pLS824 were used to infect cells and GFP fluorescence of individual bacteria was quantified after release from the host cells 16 h after infection. For a correct determination of the levels of reporter expression of individual bacteria by flow cytometry, the recovered bacteria were labeled with an antibody against LPS, and the GFP fluorescence of the LPS-positive population was measured. In contrast to analysis of GFP levels in 'bacteria-sized particles', this procedure is not biased by different extents of intracellular replication of Salmonella under various assay conditions. We observed that expression of the SPI2 reporter gene fusion was only slightly reduced in the presence of various concentra- Typhimurium. RAW macrophages were infected with S. Typhimurium WT without plasmid or harboring plasmid pLS824 (Pro sseA::GFP fusion) or pFVP25.1 (constitutive GFP expression). After infection, 25 nM BAF was added and maintained throughout the experiment. Host cells were lysed 16 h after infection and released intracellular bacteria were labeled with antibody against LPS as primary antibody and a Cy5-conjugated secondary antibody. The GFP fluorescence of about 2000 bacteria was detected in gate R2. As the number of recovered bacteria was highly reduced in host cells that were exposed to BAF, the number of particles analyzed by FACS was increased about 10-fold. (C) Effect of BAF on secretion of translocon proteins by intracellular Salmonella WT. RAW macrophages fixed 16 h after infection and processed for immunostaining. The localization of SseC and SseD was analyzed as described in the legend of Figure 5 . (D) Effect of BAF on translocation of the SPI2 effector protein SseJ. RAW macrophages were infected with S. Typhimurium WT harboring p2777 for expression of SseJ-HA and constitutive expression of GFP. After infection, 25 nM BAF or equal amounts of solvent were added. At 12 h after infection, cells were fixed and processed for immunostaining using antibodies against the HA-epitope tag and a Cy3-labeled secondary antibody (red). Representative intracellular bacteria are shown. Scale bars represent 16 mm (A) and 1 mM (C, D).
tions of bafilomycin ( Figure 7B ). Although the addition of 10 nM BAF or higher concentrations resulted in reduced numbers of intracellular bacteria, the GFP fluorescence of individual intracellular bacteria was identical to the GFP levels of bacteria recovered from nonbafilomycin-treated host cells. We did not observe the appearance of a bacterial population that had reduced levels of GFP expression after treatment with bafilomycin. This observation indicates that inhibition of phagosome acidification did not affect the expression of SPI2 genes by intracellular Salmonella. Finally, the effect of BAF on translocon formation and translocation of SPI2 effectors by intracellular Salmonella was investigated. Immunofluorescence analyses indicated that the secretion of SseC and SseD was not detectable in the presence of 25 nM BAF ( Figure 7C ). The effector SseJ is translocated by the SPI2-T3SS by intracellular Salmonella (Kuhle and Hensel, 2002) . In line with the absence of translocon proteins, the effector SseJ was not translocated in infected host cells exposed to BAF ( Figure 7D ).
Taken together, these data support our previous observation that acidic pH is a stimulus for the assembly of a functional T3SS (Rappl et al, 2003) and indicate that acidic phagosomal pH is required for the assembly of the SPI2 translocon and the translocation of SPI2 effectors into the host cells.
Discussion
We have identified a novel appendage structure on the surface of S. enterica serotype Typhimurium that is assembled dependent on the function of the SPI2-T3SS. Based on our observations, we propose that an ordered, filamentous structure is formed. The SPI2-dependent appendages consist of an inner cylindrical structure with a regular diameter of about 10 nm. The diameters of the needle-like structures of the other T3SS are in a similar range, that is, the SPI1-T3SS with 8 nm (Kubori et al, 2000) and the Shigella secreton (Tamano et al, 2000) with 8.4 nm. The EPEC T3SS appendages consist of a needle structure formed by EscF (Sekiya et al, 2001 ) and the EspA filament (Daniell et al, 2003) , which have diameter of 8.8 or 12 nm, respectively.
When the secretion of substrate proteins of the SPI2-encoded T3SS was induced in vitro by specific growth conditions, the needle-like structures were sheathed with an irregular layer of secreted protein. The molecular appearance of the SPI2-dependent surface structures was distinct from the filamentous structures of EPEC-or the SPI1-dependent 'needle complexes' of S. Typhimurium. The observation of a sheathed structure for the SPI2-encoded T3SS is reminiscent of the hrp pilus assembled by the T3SS of the plant pathogen Pseudomonas syringae (Jin and He, 2001) , and also to a surface structure assembled by a T4SS encoded by the cag pathogenicity island of Helicobacter pylori (Rohde et al, 2003; Tanaka et al, 2003) . The irregular appearance of surface structures indicates that secreted proteins are distributed along an ordered basal structure. Sheathed structures observed in vitro are likely a consequence of prolonged secretion and the lack of contact to a target membrane. Based on sequence similarity to T3SS substrate proteins of EPEC, it has been proposed that SseB, SseC and SseD are translocon subunits that are involved in the pore formation in the target membrane, that is, the phagosomal membrane. In the absence of such a membrane, these proteins will not adopt their proper conformation and appear randomly distributed in the form of a sheath on the needle-like structure.
SseB is neither required for the formation of the needle-like structure nor the formation of an ordered filament. Thus, SseB is, despite sequence similarity, functionally different to EspA of EPEC. EspA is the monomer of the 'Esp pilus', a cylindrical tube with a regular diameter of 12 nm (Sekiya et al, 2001; Daniell et al, 2003) . The phenotypes of sseB, sseC and sseD mutant strains match previous observations on the secretion and surface location of the translocon proteins. In the background of an sseB mutation, SseC and SseD were secreted, but no longer associated with the bacterial cell surface (Nikolaus et al, 2001 ). In the absence of SseB, in vitro-grown bacteria exhibit needle-like structures that are not sheathed with secreted protein.
A similar situation appears to apply to intracellular bacteria. The sseB mutant secreted SseC and SseD, but the proteins had a rather diffuse location (data not shown). This may indicate that the proteins are secreted into the phagosomal lumen but cannot assemble a translocator in the SCV membrane in the absence of SseB.
The phenotypes of mutant strains lacking SsaG, SsaH or SsaI suggest that these proteins are involved in the formation of the filament and might represent monomers of the cylindrical inner structure. The inner structure might be composed of functional homologs of EscF (Sekiya et al, 2001) , YscF (Hoiczyk and Blobel, 2001) or PrgI and PrgJ (Kimbrough and Miller, 2000; Kubori et al, 2000) that form needle-like structures in the EPEC, Yersinia and Salmonella SPI1 T3SS, respectively. Such homologs have not been identified in the SPI2 system, but ssaG, ssaH and ssaI may be interesting candidates as these genes are clustered with other apparatus genes and encode small proteins. SsaG is similar to EscF of EPEC, a protein that was shown to link the T3SS components in the cell envelope to the EspA filament (Sekiya et al, 2001; Wilson et al, 2001 ). However, we have not been able to detect any of the three small proteins in secreted protein fractions or material recovered from the surface of secreting bacteria and further work has to reveal the role of each protein.
Filamentous surface structures have been observed for a variety of T3SS. However, the SPI2-encoded structure is distinct in the formation of appendages singly or with few copies at one pole of the cell. T3SS-dependent surface structures encoded by the SPI1 of S. enterica or the mxi/spa genes of Shigella spp are present in as many as 200 copies per cell that are distributed over the bacterial surface (Kubori et al, 1998; Blocker et al, 1999) . The observation that the SPI2-encoded surface structure is present in single or low copy number might reflect the different functional requirements of the T3SS involved in invasion (e.g. SPI1) or intracellular pathogenesis (such as SPI2). The SPI1-T3SS complexes are formed by extracellular Salmonella and are required to trigger invasion. A large number of injectisomes likely increases the probability of establishing contact between extracellular bacteria and host cells for the injection of a set of effector proteins. There is evidence that translocation of effector proteins only takes place by the injectisomes that have established contact with the host cell membrane to avoid shedding of effector proteins (Rosqvist et al, 1994 ). In contrast, the SPI2-T3SS is activated when Salmonella are inside the SCV. Here, the bacteria are enclosed by membranes and the likelihood of establishing contact between the in-jectisome and the target membrane is high (see Figure 6C) . Consequently, a single injectisome could be sufficient to translocate SPI2 effectors. This difference may explain why different numbers of the SPI1-and SPI2-encoded injectisomes are assembled.
A further unique feature of the SPI2-T3SS is the requirement for acidic pH to trigger formation of the surface structure and translocation of effector proteins. For the majority of pathogens, the molecular signals triggering expression of T3SS genes are unknown. Furthermore, the identification of the stimuli for secretion or translocation of substrate proteins has been elusive for most T3SS. Previous studies (Beuzon et al, 1999; Rappl et al, 2003) as well as the present report strongly suggest a role of acidic pH as a stimulus for the SPI2-encoded T3SS. This stimulus, however, is required for the function of the T3SS rather than for inducing gene expression.
The role of the intraphagosomal pH in intracellular survival of Salmonella and regulation of gene expression is controversial (Rathman et al, 1996; Steele-Mortimer et al, 2000) . To address this aspect, bafilomycin (BAF) is frequently used to inhibit phagosomal acidification. However, secondary effects of bafilomycin also involve altered maturation of phagosomes. Careful investigation indicated that BAF at a concentration of 25 nM, which was sufficient to inhibit phagosomal acidification, also inhibited translocation of SPI2 effector proteins and secretion of translocon subunits by intracellular Salmonella. However, we found that a concentration of 25 nM BAF had no significant effect on expression of a representative SPI2 gene. Higher concentrations of BAF resulted in reduced SPI2 expression. At such concentrations, morphology of the macrophages was also altered, indicating that normal cellular processes were significantly affected.
Our observations on the effect of phagosomal pH are in line with our previous finding that acidic pH is required for functional assembly of the SPI2-T3SS, but not for the expression of SPI2 genes (Rappl et al, 2003) . The intraphagosomal signals that are sensed by Salmonella and required for the induction of SPI2 gene expression have not been identified. Work of several groups have indicated that nutritional limitation of the growth media is sufficient for induction (Beuzon et al, 1999; Deiwick et al, 1999; Miao et al, 2002) . Whether these limitations are also present in the SVC has to be studied in greater detail.
We have previously shown that three secreted substrate proteins, SseB, SseC and SseD, are absolutely required for the translocation of effector proteins of the SPI2 system. Analyses of the T3SS of other pathogens also indicated that a subset of secreted proteins is required for translocation of effector proteins into the cytoplasm of the host cell. Future work has to reveal the interactions of these components of the SPI2-T3SS with host cell structures, for example, the molecular recognition of the endosomal membrane. It will also be of interest to understand the macromolecular organization of the SPI2 surface structures and their function as translocon in more detail.
In conclusion, we have shown the molecular analyses of the SPI2-T3SS in vitro and in vivo and observed that this structure differs from other T3SS structures. These structural characteristics might reflect the adaptation of Salmonella to the intracellular niche.
Materials and methods
Bacterial strains and growth conditions S. Typhimurium strain NCTC 12023 was used as a wild-type and various mutant strains derived from S. Typhimurium 12023 used in this study are listed in Table II . Bacteria were routinely cultured in Luria broth (LB). For the induction of the expression of SPI2 genes, cultures were grown in minimal medium containing 25 mM phosphate (PCN) or 360 mM phosphate (PCN-P) as described previously . To induce expression and secretion, PCN-P media were adjusted to pH 5.8. Alternatively, N-salts minimal media containing 30 mM MgSO 4 (F media) adjusted to pH 7.0 or 5.0 were used as described before . Bacterial cultures were grown at 371C in glass test tubes with aeration in a 'roller drum' (New Brunswick Scientific).
The generation of mutant strains and plasmids for complementation is described in Supplementary Material.
Cell culture and infection studies
The murine monocyte cell line RAW264.7 was cultured in DMEM containing 10% fetal calf serum at 371C in an atmosphere containing 5% CO 2 . Prior to infection, RAW264.7 cells were seeded at a density of 5 Â10 4 cells/well into 24-well plates containing glass coverslips and allowed to adhere.
For infection studies, bacteria were grown in LB for 16 h with aeration, harvested by centrifugation and washed in DMEM. Bacteria were added to RAW264.7 cells at a multiplicity of infection of 10. Infection was synchronized by centrifugation at 1200 g for 5 min. Cultures were incubated for 30 min to allow infection, and noninternalized bacteria were removed by washing three times with PBS. DMEM containing 10 mg/ml gentamicin was added to kill remaining extracellular bacteria and incubation was continued for various periods of time.
Antibodies and immunofluorescence
Antisera raised in rabbits against recombinant SseB, SseC and SseD have been described before (Beuzon et al, 1999; Nikolaus et al, 2001) . For some experiments, antibodies against SseD and SseC were directly labeled with TRITC using a 'Pierce' labeling kit (Perbio, Bonn) according to the manufacturer's instruction. HA epitope-tagged effector proteins were detected using rat monoclonal antibody (Roche, Mannheim).
For detection of SseC and SseD in vitro, bacteria were cultured in LB overnight and 100 ml of the cultures were transferred to PCN-P media at pH 5.8, and incubated at 371C for various periods of time. Bacteria were recovered by centrifugation at 6000 g for 10 min and fixed for 20 min in PBS containing 3% PFA. Subsequently, bacteria were washed twice with PBS. Care was taken to resuspend the bacteria very gently with the pipette and not by mixing. Antibodies were diluted 1:100 in PBS containing 1% BSA and 5% goat serum and added to 100 ml of the fixed bacteria suspension. The antibody staining was performed with shaking for 2 h followed by Cy3-conjugated anti-rabbit IgG for 1 h. After each antibody incubation, washes were performed six times with PBS. The final pellet was resuspended in 50% glycerol in PBS. A measure of 10 ml of the stained bacteria were mounted on glass slides, covered and sealed and analyzed by confocal laser microscopy (Leica TCS). For detection of SseC and SseD in Salmonella-infected host cells, RAW cells were seeded onto glass coverslips and infected as described before. The antibodies were diluted in PBS containing 5% goat serum, 2% BSA and 0.1% saponin. For immunofluorescence, cells were fixed for 10 min with 3% PFA in PBS at RT, washed and incubated with 1:100 dilutions of antisera against SseD or SseC overnight at 41C followed by washing with PBS. The cells were incubated with Cy5-conjugated goat anti-rabbit IgG antibody or directly labeled antibody against SseC and SseD for 1 h. After washing, the cells were analyzed using confocal microscopy and data were processed by using Adobe Photoshop.
Analysis of intracellular expression of SPI2 genes
For the analysis of the effect of bafilomycin on the expression of SPI2 genes by intracellular Salmonella, the procedure described by Jantsch et al (2003) was applied. Briefly, RAW264.7 cells were infected with S. Typhimurium WT harboring plasmid pLS824 for the expression of GFP under control of the promoter of sseA. To inhibit the vacuole acidification, various concentrations of BAF (Sigma, Munich, Germany) or an equal volume of the solvent DMSO were added immediately after infection and maintained throughout the experiment. After completion of the infection period, gentamicin was added to a final concentration of 20 mg/ml gentamicin to kill extracellular bacteria. At 16 h after infection, intracellular bacteria were released by lysis of host cells in PBS containing 0.1% Triton X-100 and incubated for 10 min with agitation to support lysis. Released bacteria were labeled with rabbit test sera against Salmonella LPS (Difco) and a Cy5-conjugated secondary antibody against rabbit IgG. Flow cytometry was performed using a FACScalibur (BD) to determine the GFP fluorescence of the bacterial population.
AO staining as indicator of vacuolar pH
AO vital staining produces a green color at neutral pH. When it accumulates within acidic vesicles, it produces a bright orange to red color. RAW macrophages were treated with various concentration of BAF for 1 h. AO was added at a final concentration of 1 mM to the cells and incubated for 5 min at 371C. Cells were washed with prewarmed PBS and immediately visualized using confocal microscopy.
Field emission scanning electron microscopy
For morphological studies, bacteria were fixed in 1% formaldehyde in PBS for 1 h on ice and then washed with PBS. Coverslips with a diameter of 12 mm were coated with poly-L-lysine solution (Sigma, Munich, Germany) for 10 min, washed in distilled water and airdried. A measure of 30 ml of a suspension of fixed bacteria were placed on a coverslip and allowed to settle for 10 min. Coverslips were then fixed in 2% glutaraldehyde in PBS for 5 min at RT and subsequently washed with TE-buffer (20 mM TRIS, 1 mM EDTA, pH 6.9) before dehydrating in a graded series of acetone (10, 30, 50, 70, 90 , 100%) on ice for 15 min for each step. Samples in the 100% acetone step were allowed to reach RT before another change in 100% acetone. Samples were then subjected to critical-point drying with liquid CO 2 (CPD 30, Balzers, Liechtenstein). Dried samples were covered with a gold film by sputter coating (SCD 40, Balzers) before examination in a field emission scanning electron microscope Zeiss DSM 982 Gemini using the Everhart Thornley SE detector and the inlens detector in a 50:50 ratio at an acceleration voltage of 5 kV.
Immuno-FESEM
Bacteria were fixed with 1% formaldehyde in PBS for 1 h on ice followed by a washing step with PBS containing 10 mM glycine for quenching free aldehyde groups. Samples were then incubated with the affinity-purified (protein A column) specific SseB or SseC polyclonal antibodies for 2 h at 301C (1:20 dilution of the stock solution of 1.9 mg IgG protein/ml), followed by several washing steps in TE-buffer before incubation with protein A-coated colloidal gold-particles (1:75 dilution of the stock solution for 15 nm goldparticles, 1:200 dilution for the 10 nm gold-particles; British BioCell, Cardiff, UK) for 30 min at 301C. After washing with PBS, samples were fixed in 2% glutaraldehyde for 15 min at RT, washed in TE-buffer and treated as described above.
For double labeling experiments, samples were incubated first with the specific SseB antibodies followed by protein A goldparticles with a diameter of 10 nm, followed by incubation with 0.2 mg/ml protein A for 15 min at RT and several washing steps in PBS before incubation of the samples with the specific SseC antibodies followed by 15 nm protein A gold-particles. After several washing steps in PBS, samples were placed on poly-L-lysine-coated coverslips, dehydrated and critical-point dried as described above. Samples were then coated with a thin carbon layer (one carbon string) using a Balzers MED 020 (Liechtenstein). The carbon layer method allows for detection of colloidal gold-particles on the bacterial surfaces without charging problems. Samples were examined in the Zeiss DSM 982 Gemini as described above at an acceleration voltage between 3 and 7 kV.
Further details on the procedure for electron microscopy are given in the supplement.
Supplementary data
Supplementary data are available at The EMBO Journal online.
